Salt stress causes worldwide reductions in agricultural yields, a problem that is exacerbated by the depletion of global freshwater reserves and the use of contaminated or recycled water (i.e. effluent water). Additionally, salt stress can occur as cultivated areas are subjected to frequent rounds of irrigation followed by periods of moderate to severe evapotranspiration, which can result in the heterogeneous aggregation of salts in agricultural soils. Our understanding of the later stages of salt stress and the mechanisms by which salt is transported out of cells and roots has greatly improved over the last decade. The precise mechanisms by which plant roots perceive salt stress and translate this perception into adaptive, directional growth away from increased salt concentrations (i.e. halotropism), however, are not well understood. Here, we provide a review of the current knowledge surrounding the early responses to salt stress and the initiation of halotropism, including lipid signaling, protein phosphorylation cascades, and changes in auxin metabolism and/or transport. Current models of halotropism have focused on the role of PIN2-and PIN1-mediated auxin efflux in initiating and controlling halotropism. Recent studies, however, suggest that additional factors such as ABCB transporters, protein phosphatase 2A activity, and auxin metabolism should be included in the model of halotropic growth.
Introduction

Salt stress responses
It is estimated that ~20% of the world's arable soils are experiencing some degree of salt stress, and that this percentage is increasing as agricultural systems make more frequent use of contaminated or recycled water (i.e. effluent water), and as soils are exposed to frequent rounds of irrigation followed by drying, which may also result in fertilizer salts aggregating in soils (Blumwald, 2000) . Salinity stress from sodium chloride (NaCl), the primary salt found in saline soils and contaminated water, exerts both osmotic and ionic stresses on plant tissues, reducing yields (Blumwald, 2000; Munns and Tester, 2008) . The osmotic stress generated by increased levels of NaCl in the soil results from changes in the osmotic potential in both the soil and apoplast, and decreases the ability of roots to absorb water (Munns and Termaat, 1986; Munns, 1993 Munns, , 2002 Tester and Davenport, 2003) . As NaCl begins to accumulate in root and shoot tissues, it causes osmotic stress, loss of turgor pressure, and the rapid accumulation of Na + in the cytosol (Munns and Termaat, 1986; Munns, 1993 Munns, , 2002 Tester and Davenport, 2003) . The cellular uptake of Na + occurs passively through non-selective cation channels, as well as via uptake by members of the Na + /K + -specific high affinity K + transporter (HKT) family of plasma membrane carriers, and, along with the cytosolic accumulation of Cl -, results in ionic damage to cellular constituents (Gassmann et al., 1996; Uozumi et al., 2000; Laurie et al., 2002; Haro et al., 2005; Munns and Tester, 2008) . Influxes of Na + ions result in a rapid depolarization of the plasma membrane, followed by a sharp increase in the Na + :K + ratio (Blumwald, 2000; Shabala and Cuin, 2008) . The increased Na + :K + ratio generated by the symplastic accumulation of Na + initiates the production of reactive oxygen species (ROS), resulting ultimately in enzyme inhibition, and reductions in stomatal conductance and the photosynthetic rate (Maathuis and Antmann, 1999; James et al., 2002; Tester and Davenport, 2003) .
Adaptive responses to NaCl stress fall into three categories: (i) removal of NaCl from the cytosol; (ii) exclusion of NaCl from the aerial tissues and extrusion from root tissues; and (iii) adaptive growth of roots systems (directional growth; root death combined with increased growth roots further away from regions of high salt). Na + ions can be transported directly into the vacuole for sequestration by Na + /H + Exchanger 1 (NHX1), a tonoplast-localized Na + / H + antiporter which exhibits increased expression in the presence of either salt or abscisic acid (ABA) (Apse et al., 1999 (Apse et al., , 2003 Zhu, 2003) . In addition to direct transport, Na + ions can be sequestered in the vacuole through the vesicular trafficking pathway. NHX5 and NHX6 Na + /H + (also K + /H + ) antiporters can mediate the influx of Na + ions into vesicles in the Golgi and trans-Golgi network. As NHX5-and NHX6-containing vesicles are transported to and fuse with the vacuole, they release their accumulated Na + into the vacuole interior (Bassil et al., 2011) . Na + can also be extruded into the apoplast by the salt-overly sensitive (SOS) family of proteins (Liu and Zhu, 1998; Zhu, 2002; Qiu et al., 2003; Julkowska and Testerink, 2015) . Salt stress induces the rapid release of calcium stores into the cytosol, where Ca 2+ ions interact with SOS3, a cytosolic EF-hand calcium-binding protein (Liu and Zhu, 1998 ) that then interacts with and activates the SOS2 serine/threonine protein kinase, resulting in increased transcription and activation of the Na + / H + antiporter SOS1 at the plasma membrane and, ultimately, increased extrusion of Na + (Liu and Zhu, 1998; Zhu, 2002; Qiu et al., 2003) .
On a macroscopic scale, plants can survive salt stress by altering growth patterns to minimize exposure to saline conditions (i.e. adaptive growth). For example, during salt stress, ABA functions to alter root architecture, up-regulate expression of stress-related genes, promote stomatal closure, and decrease shoot growth (Grill and Himmelbach, 1998; Xiong et al., 2002; Duan et al., 2013; Julkowska and Testerink, 2015) . The role of ABA in altering root architecture is, however, highly dependent upon the species, the amount of salt present, and the developmental stage of the root (Zolla et al., 2010; McLoughlin et al., 2012; Duan et al., 2013; Geng et al., 2013) . The phytohormone auxin is also a key regulator of root architecture and development during salt stress, particularly the initiation of lateral roots and tropic growth. Halotropism, discussed in more detail below, is a recently defined tropic response in which, upon exposure to a salt gradient, roots exhibit directional growth away from areas of increased salt concentration (Galvan-Ampudia et al., 2013; Rosquete and Kleine-Vehn, 2013) . This tropic growth is dependent on the asymmetric redistribution of auxin from the side of the root nearest to the salt to the side of the root opposite the salt, resulting in the growth of the root tip away from the area of high salt concentration (Galvan-Ampudia et al., 2013; Rosquete and Kleine-Vehn, 2013) . As roots exposed to salt stress are also simultaneously being exposed to the pull of gravity, it has been hypothesized that halotropic growth responses must involve the temporary suppression of gravitropic growth. This hypothesis is supported by the fact that columellar amyloplasts (which function in sensing gravity and initiating gravitropism) (Blancaflor et al., 1998) appear to be rapidly degraded during salt stress responses, reducing the ability of roots to perceive gravity (Sun et al., 2008) . Interestingly, Arabidopsis sos mutant lines showed reduced amyloplast degradation, altered root gravitropism, and defects in PIN2 expression, further supporting the hypothesis that gravitropism is modulated during salt stress responses (Sun et al., 2008) .
In addition to halotropism and gravitropism, other evasive root tropic growth phenomena have also been previously described. Root response to touch, thigmotropism, is a mechanism that allows roots to move around impenetrable obstacles in the soil (Massa and Gilroy, 2003) . Root thigmotropism is mediated by Ca 2+ fluxes and cytoskeletal re-arrangements, and is thought to be responsible for the auxin transportmediated root 'waving' phenotypes exhibited by growing roots Massa and Gilroy, 2003; Santner and Watson, 2006; Drdova et al., 2013; Perrineau et al., 2016) . Interestingly, this root curling/waving (i.e. circumnation) has been demonstrated to be dependent upon phosphorylation/de-phosphorylation of auxin transporter proteins (Garbers et al., 1996; Santner and Watson, 2006; Perrineau et al., 2016) . Roots also exhibit directional growth in response to gradients of water (i.e. hydrotropism) (Takahashi, 1997) . Hydrotropism, however, is not dependent on auxin transport, and while reports have shown that auxin may be involved in hydrotropic growth, hydrotropism is dependent primarily on ABA signaling and ABA-mediated responses (Takahashi et al., 2002; Eapen et al., 2003; Kaneyasu et al., 2007; Antoni et al., 2013; Shkolnik et al., 2016) .
Salt stress perception
Although it has been hypothesized that perception of NaCl takes place at the plasma membrane and in the cytosol, specific Na + and/or Cl -ion sensors have not been identified (Deinlein et al., 2014; Maathuis, 2014; Henderson and Gilliham, 2015) .
Salt stress perception is likely to be in part a biophysical phenomenon, as salt stress-induced losses in turgor pressure result in plasmolysis, causing mechanical stress on the cytoskeleton (microtubules), plasma membrane, and cell wall (Hamant et al., 2008; Christmann et al., 2013; Maathuis, 2014) . Additionally, increases in Na + may be detected at the plasma membrane by transport proteins, or perception could take place through rapid shifts in membrane potential, or in the cytosol through rapid changes in the Na + :K + ratio (Yeo, 1998; Munns and Tester, 2008) .
Once saline stress has been detected by the plant cell, this perception is rapidly transmitted throughout the cell via multiple secondary messenger systems and signaling pathways (Munns and Tester, 2008; Deinlein et al., 2014; Maathuis, 2014; Julkowska and Testerink, 2015) . The perception of salt stress results in increases in cytosolic Ca 2+ , a phenomenon observed in all root cell types in saline conditions (Knight et al., 1997; Tracy et al., 2008; Martí et al., 2013; Deinlein et al., 2014) . The production of ROS, including H 2 O 2 , is also up-regulated following salt perception. ROS serve as signaling molecules either directly, or indirectly through the production of oxidized by-products such as 2-oxindole-3-acetic acid (oxIAA) (Torres and Dangl, 2005; Miao et al., 2006; Miller et al., 2010; Peer et al., 2013; Maathuis, 2014) . The plasma membrane is also involved in the transduction of salt stress signals. In addition to shifts in membrane potential, exposure to salt stress results in the production of lipid signaling molecules, particularly phosphatidic acid (PA) (Testerink et al., 2004; McLoughlin and Testerink, 2013) .
Lipid signaling
Lipid signaling molecules include, but are not limited to, free fatty acids, lysophospholipids, oxylipins, sphingolipids, N-acylethanolamine, diacylglycerol (DAG), DAGpyrophosphates, phosphoinositides, inositol phosphates, and PA (Wang, 2004; Munnik and Testerink, 2009; Vu et al., 2015) . PA signaling is important throughout the entire plant life cycle, and rapid increases in PA occur during the initiation of specific developmental stages or processes, drought stress, temperature stress, wounding, and pathogen infection (Meijer and Munnik, 2003; Testerink and Munnik, 2011) . PA has been shown to play a critical role in vesicle formation, cellular trafficking, and secretory processes (Wang, 2004; Hong et al., 2010 Hong et al., , 2016 . The synthesis of PA in response to external stimuli takes place through two primary enzymatic pathways: the phospholipase C (PLC)/diacylglycerol kinase (DGK) pathway; and the phospholipase D (PLD) pathway (Wang, 2001; Meijer and Munnik, 2003; Vergnolle et al., 2005; Munnik and Testerink, 2009) . Of these two pathways, the PLD pathway has been proposed to function most directly in salt stress responses.
The phospholipase D (PLD) pathway
PLD is a ubiquitous phospholipase which catalyzes the production of PA and a free phospholipid head group via hydrolysis of a wide range of glycerophospholipids including: phosphatidylcholine (PC), phosophatidylglycerol (PG), phosphatidylserine (PS), and phosphatidylethanolamine (PE) (Pappan et al., 1998; Meijer and Munnik, 2003; Oblozinsky et al., 2005; Hong et al., 2016) (Table 1) . A total of 12 PLD genes have been identified in Arabidopsis (Qin and Wang, 2002) , and 17 PLDs have been identified in rice (Li et al., 2007) (Table 1) . Expression of specific PLDs is promoter dependent, and individual PLD isoforms also exhibit varying degrees of substrate specificity (Xu et al., 1997) . PLDs are required for numerous plant growth and developmental responses (Xu et al., 1997) . PLDζ1 negatively regulates root hair development, and PLDβ1 in tobacco is involved in pollen tube growth (Ohashi et al., 2003; Potocký et al., 2003; Pleskot et al., 2010) . In Arabidopsis, PLDζ2 has been shown to be essential for the normal trafficking of auxin transport proteins between the endosomal membrane compartment and the plasma membrane, and is involved in auxin responses (Li and Xue, 2007) . PLDε regulates nitrogen sensing, and PLDε signaling increases root and root hair growth (Hong et al., 2009; Lu et al., 2016) .
PLD enzymes play a crucial role in responses to both biotic and abiotic stresses. Discrete PLDs or groups of PLDs are involved in the responses to several external stimuli, including osmotic stress, pathogen infection, and cold stress (Fan et al., 1999; Hodgkin et al., 1999; Jacob et al., 1999; Munnik et al., 2000; Oblozinsky et al., 2005; Bargmann et al., 2006) . PLDα1 (Bargmann et al., 2009; Yu et al., 2010; H.Q. Yu et al., 2015) , PLDα3 (Hong et al., 2008) , and PLDδ (Katagiri et al., 2001; Bargmann et al., 2009) all have been demonstrated to play a significant role in salt stress responses, either individually or co-operatively. Increased expression and activity of PLDα1 occurs following the production of ROS during osmotic stress, as well as during ABA-regulated stomatal closure (Sang et al., 2001; Mishra et al., 2006; Zhang et al., 2009) . PLDα3 responds to hyperosmotic stresses (Hong et al., 2008) , while PLDδ functions in water stress responses, and freezing tolerance (Li et al., 2004) , and also plays a role in mediating salt-induced desiccation stress (Katagiri et al., 2001 ) and increasing drought tolerance (Distéfano et al., 2015) .
The physiological role of phosphatidic acid
Increased production of PA can alter membrane structure, protein recruitment and trafficking, and/or the assembly of cytoskeletal components, ultimately leading to changes in cell morphology and growth (Potocký et al., 2003; Andersson et al., 2005) . The head group of PA is small, hydrophobic, and cone shaped, giving a negative curvature to regions of the membrane in which it aggregates, facilitating vesicular budding, secretion, and trafficking (Kooijman et al., 2003; McMahon and Gallop, 2005) (Fig. 1) . For example, PA is required for the vesicular trafficking involved in pollen tube formation and the trafficking of auxin transporters through the endomembrane system in plants (Yang and Huang, 2002; Jenkins and Frohman, 2005; Testerink and Munnik, 2005; Li and Xue, 2007) . PLD-derived PA has also been shown to interact with several components of the actin cytoskeletal machinery to regulate actin polymerization (Huang et al., (1999, 2003) ; ; Zhu (2003) 
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Vacuole-localized Na Arabidopsis aux1 and lax3 showed loss of gravitropism and reduced lateral root initiation; transcription and protein levels increased under salt stress Lomax et al. (1985) ; Swarup et al. (2004 Swarup et al. ( , 2008 PINFORMED ( 2006; Pleskot et al., 2012 Pleskot et al., , 2013 , as well as with myosin microtubules at the plasma membrane (Gardiner et al., 2001) . Several PA-protein interactions function to regulate hormonal signaling, synthesis, or transport during stress responses (Janda et al., 2013) (Figs 1 and 2 ). For example, PA modulates ethylene responses by binding to CTR1 (constitutive triple response 1), blocking interactions between CTR1 and the ethylene receptor ETR1 (ethylene receptor 1) (Testerink et al., 2007) . PA also regulates ABA responses, in part by binding to and inhibiting the activity of ABI1 (ABA Insensitive 1), a protein phosphatase 2C (PP2C) (Zhang et al., 2004; Ma et al., 2009; Nishimura et al., 2010) . PA-ABI1 interactions at the plasma membrane are thought to decrease ABI1 activity and prevent movement of ABI1 from the cytosol to the nucleus (Gosti et al., 1999; Jacob et al., 1999; Zhang et al., 2004) . PA also impacts auxin transport and, in Arabidopsis, PA generated by PLDζ2 is essential for the correct vesicular trafficking and subcellular localization of PIN (PINFORMED) auxin transport proteins (Li and Xue, 2007) . PLDζ2-derived PA also appears to regulate the location of PIN auxin transporters indirectly by modulating the activity of the PDK1 kinase (phosphoinositide-dependent kinase 1), the PID (PINOID) protein serine/threonine kinase, and the protein phosphatase 2A (PP2A) phosphatase complex (Li and Xue, 2007; Michniewicz et al., 2007; Gao et al., 2013) .
Protein phosphatase 2A (PP2A)
PP2A genetics and biochemistry
The regulation of protein phosphorylation is the primary method of post-translational regulation for most organisms, (Munnik and Testerink, 2009) . Phospholipase C hydrolyzes inositol phosphates, producing diacylglycerol (DAG), and inositol 1,4,5-trisphosphate (IP 3 ) (Vossen et al., 2010) . DAG is rapidly phosphorylated by diacylglycerol kinase (DGK) to produce PA (Meijer and Munnik, 2003) . IP 3 can be converted to inositol hexakisphosphate (IP 6 ), which triggers the release of intracellular stores of Ca
2+
, and which mediates auxin binding to the TIR1 IAA receptor (Berridge, 1993; Tan et al., 2007) . Release of Ca 2+ also initiates the production of abscisic acid (ABA), activation of the salt-overly sensitive (SOS) pathway, and the generation of reactive oxygen species (ROS) (Knight et al., 1997; Martí et al., 2013; Julkowska and Testerink, 2015) . Phospholipase D (PLD) produces PA through the hydrolysis of membrane phospholipids including: phosphatidylcholine (PC), phosphatidylglycerol (PG), phosphatidylserine (PS), or phosphatidylethanolamine (PE) (Pappan et al., 1998) . Localized aggregations of PA can give the membrane a negative curvature (see inset), and larger quantities of PA can be found in the neck of budding vesicles (Yang and Huang, 2002; Jenkins and Frohman, 2005) . PLD-mediated vesicle formation enables the endomembrane trafficking (localization or re-localization) of membrane proteins and transporters (Friml et al., 2002) . Additionally, PA interacts directly with several proteins, and PA interactions negatively regulate protein phosphatase 2A (involved in auxin transport, ethylene synthesis, ABA signaling, and brassinolide signaling), the ABI1 (ABA Insensitive 1) protein phosphatase 2C enzyme (involved in ABA signaling), and the CTR1 (Constitutive Triple Response 1) ethylene response pathway kinase (Testerink et al., 2004 (Testerink et al., , 2007 . PA can also regulate phytohormone signaling by tethering proteins to the plasma membrane, and the interaction between PA and ABI1 at the membrane helps to prevent ABI1 movement towards the nucleus (Zhang et al., 2004) . PA may also be further phosphorylated, producing diacylglycerol pyrophosphate (DGPP), which can serve as another lipid signaling molecule (Munnik and Testerink, 2009). and can serve to regulate signaling cascades during stress responses (Mumby and Walter, 1993; Cohen, 2002; Moorhead et al., 2009) (Fig. 1) . PP2A is a ubiquitous, highly conserved, and abundant serine/threone phosphatase (Shi, 2009) . PP2A functions as a heterotrimeric protein consisting of a 36 kDa catalytic C subunit, a regulatory B subunit (variable in size), and a 65 kDa regulatory A subunit that also functions as a scaffold for the enzyme complex (Groves et al., 1999; DeLong, 2006; Cho and Xu, 2007; Michniewicz et al., 2007; Blakeslee et al., 2008) .
In plants, PP2A is essential for normal regulation of plant growth and development, and the maintenance of circadian rhythms (Carter et al., 1991; Comolli et al., 1996; Lillo et al., 2014) .
The catalytic C subunit of PP2A shows very high sequence conservation across eukaryotic systems, as well as with other 'non-PP2A' Ser/Thr phosphatases (Cho and Xu, 2007) . The Arabidopsis genome contains five PP2A-C subunit isoforms that have very high sequence identity to one another (~79% Fig. 2 . The role of protein phosphorylation in chemiosmotic auxin transport. In the apoplast, the low pH generated through H + -ATPase activity keeps indole-3-acetic acid in a protonated state (IAAH). Lipophilic IAAH can freely diffuse through the plasma membrane into the cell, where the more neutral pH results in it being de-protonated (IAA -) and 'trapped' within the cytosol (Luschnig et al., 1998; Blakeslee et al., 2005) . Protonated and de-protonated IAA in the apoplast can also be transported into the cell by members of the AUX/LAX family of IAA-H + co-transporters powered by the H + gradient existing across the plasma membrane (Lomax et al., 1985; Swarup et al., 2004) . Auxin efflux occurs through polarly localized PIN proteins and apolarly localized ABCB proteins. PIN and ABCB transporters are sometimes co-localized in sterol-and sphingolipid-rich detergent-resistant membrane microdomains (DRMs) (Titapiwatanakun et al., 2009) . Co-localization of PIN and ABCB transporters may enhance the activity of auxin efflux (as with PIN1-ABCB19 interactions), regulate the directionality of ABCB-mediated transport, and help to stabilize DRMs (Blakeslee et al., 2007) . Localization of PIN transporters regulates the directionality of auxin movement. Endocytosis and re-localization of PIN transporters, or internalization and degradation of PIN, AUX, and/or ABCB transporters can alter the directionality or rate of auxin movement (Friml et al., 2002; Galvan-Ampudia et al., 2013) . TWISTED DWARF1 (TWD1) interactions with ACTIN7 (ATC7) play a role in regulating ABCB trafficking between the plasma membrane and the ER, and ACT7 is also involved in regulating localization of PIN1 (Zhu et al., 2016) . Phosphorylation can impact the localization of PIN transporters and may regulate the activity of ABCB transporters (ABCB19 is known to be phosphorylated by PHOT1) (Christie et al., 2011) . The serine/threonine protein kinase PINOID (PID) phosphorylates PIN proteins, resulting in an apical (shootward, 'top-of-the cell') localization of PIN1, PIN2, and PIN4 in root cortical cells (Friml et al., 2004) . De-phosphorylation by protein phosphatase 2A (PP2A) can reverse PIN localization, resulting in PIN1, PIN2, and PIN4 being localized to the basal (rootward, 'bottom') side of the cell (Michniewicz et al., 2007) . identity) (DeLong, 2006; Farkas et al., 2007) . A unique motif (TPDY 307 FL 309 ) at the C-terminus of the PP2A-C subunit plays an important role in PP2A heterotrimeric enzyme complex assembly, as the recruitment and binding of the PP2A-B subunit to the PP2A A-C dimer complex is dependent on the methylation of the carboxyl group on Leu309 Wu et al., 2000; Wei et al., 2001 ; X.X. Cho and Xu, 2007) .
Plant PP2A-B subunits have a molecular mass between 48 kDa and 74 kDa, and can be classified into three families: (i) B/B55; (ii) B'/B56/PR56; and (iii) B''/B72/PR72 (Farkas et al., 2007; Wang et al., 2007; Sommer et al., 2015) . It is generally accepted that PP2A substrate specificity, localization, and activity are determined by which B subunit isoform binds to the A-C core dimer (Ogris et al., 1997; Tolstykh et al., 2000; Cho and Xu, 2007; Wu et al., 2007) . B' proteins have been shown to be required for seed development, growth, and senescence (Jonassen et al., 2011; Tang et al., 2011) , abiotic stress responses (Kataya et al., 2015a; Jin et al., 2016) , maintenance of flowering, and regulation of metabolism (particularly fatty acids and auxins) (Kataya et al., 2015b) . The most well characterized B''/B72/PR72 gene in Arabidopsis is FASS/ TON2, which is required for normal cell division and the maintenance of cell cycling (Camilleri et al., 2002; Sommer et al., 2015) .
The Arabidopsis genome encodes three PP2A-A regulatory/scaffolding subunits: PP2A-A1/RCN1 (Roots Curl In Naphthylphthalamic Acid1), PP2A-A2, and PP2A-A3, with PP2A-A1 accounting for ~60% of the total PP2A activity present in whole protein extracts (Zhou et al., 2004; Cho and Xu, 2007) . Rice has been shown to contain only one PP2A-A subunit, RPA1 (S. . PP2A-A subunits play important roles in establishing and maintaining root tip architecture and morphology, the formation of lateral roots (Zhou et al., 2004; Blakeslee et al., 2008) , and auxin transport (Michniewicz et al., 2007) . In Arabidopsis, all three PP2A-A subunits are associated with the endomembrane system and the plasma membrane (Blakeslee et al., 2008; Tran et al., 2012) , and recent work has provided evidence that the PP2A-A1 subunit can bind PA (Testerink et al., 2004; Gao et al., 2013) , resulting in an inhibition of PP2A activity (Gao et al., 2013) . Both PA and PP2A have been implicated in modulating root responses to salt stress, and Arabidopsis rcn1 (pp2a-a1) mutants (which exhibit a 60% reduction in PP2A activity compared with the wild type) show increased sensitivity (i.e. greater levels of cortical swelling and increased inhibition of root elongation) when treated with NaCl (Blakeslee et al., 2008) .
PP2A and stress-induced phytohormone signaling
In many salt stress responses, PP2A appears to function by modulating the synthesis, transport, or signaling of phytohormones, particularly ABA, ethylene, and auxin (Chen et al., 2014) (Table 1) . PP2A-A1 complexes positively regulate the activation of anion channels and the increase of cytosolic Ca 2+ during stomatal closure in Arabidopsis (Kwak et al., 2002) . PP2A-C subunits, however, may function as negative regulators of ABA signaling, as pp2a-c2 mutant lines exhibited increased sensitivity to ABA treatments (Pernas et al., 2007) . The apparent contrast between the roles of PP2A-A and -C subunits in regulating ABA signaling may be due to either distinct B subunit populations of PP2A enzyme complexes participating in specific ABA-induced signaling cascades. Interestingly, PP2A interacts with and de-phosphorylates the ABA transcription factor, ABA Insensitive 5 (ABI5) .
Ethylene is involved in multiple plant responses to both biotic and abiotic stresses, often functioning antagonistically to auxin during these responses (Chae et al., 2000; Skottke et al., 2011; Booker and DeLong, 2015) . PP2A has been demonstrated to play a critical role in regulating ethylene synthesis. Etiolated, dark-grown rcn1/pp2a-a1 seedlings exhibit increased ethylene biosynthesis and, as a result, reduced hypocotyl elongation (Muday et al., 2006) . 1-Aminocyclopropane 1-carboxylate synthase (ACS) catalyzes the rate-limiting step of ethylene synthesis . In Arabidopsis, transcriptomic analyses showed that salt stress increased expression of specific ACS genes (Table 1) . Arabidopsis rcn1/ pp2a-a1 mutants exhibited increased ACS2 and ACS6 activity in root tissue, while levels of ACS5 were decreased in these mutants, indicating that RCN1-mediated PP2A activity functions to target some classes of ACS enzymes for degradation (Skottke et al., 2011) .
Finally, PP2A is important for the maintenance of highly regulated auxin transport streams, the formation of auxin maxima in root apical meristems, and the regulation of auxin metabolism essential for both normal plant growth and responses to salt stress Petrásek and Friml, 2009; Peer et al., 2011; Löfke et al., 2013; Spicer et al., 2013) . Arabidopsis rcn1/pp2a-a1 mutants show altered auxin transport with increased shootward auxin transport in roots, and altered trafficking of auxin transport proteins, specifically PIN auxin transporters of the major efflux facilitator transport family, particularly PIN1, PIN2, and PIN4 (Friml et al., 2004; Michniewicz et al., 2007; Sukumar et al., 2009; Wang et al., 2012) .
Auxin metabolism and transport
Auxin biosynthesis
Biosynthesis of the primary auxin present in most plants, indole-3-acetic acid (IAA), has been proposed to take place through two major routes; the tryptophan (Trp)-independent pathway(s) and the Trp-dependent pathways (Soeno et al., 2010; Ljung, 2013; Spiess et al., 2014) . Both inhibitor studies and reverse genetic investigations using auxin synthesis mutants support the hypothesis that the Trp-dependent pathways are the primary IAA biosynthesis pathways in most plants, and many of the genes within these pathways have been identified (Zhao et al., 2001 (Zhao et al., , 2002 Stepanova et al., 2008; Tao et al., 2008; Nemoto et al., 2009; Mano and Nemoto, 2012; Ljung, 2013) .
Trp-dependent IAA biosynthesis includes four metabolic pathways localized in the cytosol and/or on the endoplasmic reticulum (ER) membrane: (i) the indole-3-acetamide (IAM) pathway; (ii) the indole-3-acetaldoxime (IAOx) pathway; (iii) the tryptamine (TAM) pathway; and (iv) the indole-3-pyruvic acid (IPyA) pathway (Soeno et al., 2010; Mano and Nemoto, 2012; Ljung, 2013; Kriechbaumer et al., 2016) . The Trpdependent indole-3-pyruvic acid (IPya) IAA synthesis pathway is considered to be the predominant auxin biosynthetic pathway in plants (Masiguchi et al., 2011; Zhao, 2012) . In the first step of this pathway l-Trp is converted to IPyA by the tryptophan aminotransferase TAA1 (TAR1 and TAR2 homologs), which is followed by the conversion of IPyA to IAA by YUCCA flavin monoxygenases (Zhao et al., 2001; Stepanova et al., 2008; Tao et al., 2008; Masiguchi et al., 2011; Zhao, 2012; Kriechbaumer et al., 2016) . In both maize and Arabidopsis, enzymes in the IPyA pathway have been shown to be localized to both the cytosol and the ER, with the majority of auxin biosynthesis occurring in microsomal membrane fractions (Kriechbaumer et al., 2012 (Kriechbaumer et al., , 2015 (Kriechbaumer et al., , 2016 . In the IAM pathway, l-Trp is converted into IAM by the enzyme tryptophan-2-monoxgenase (iaaM); and IAM is subsequently converted into IAA by the enzyme indole-3-acetamide hydrolase (AtAMI1 or iaaH) (Pollmann et al., 2003; Nemoto et al., 2009) . Synthesis of auxin through the IAOx pathway begins when l-Trp is converted to IAOx by means of a cytochrome P450 (CYP79B2 or CYP79B3). IAOx is then converted to indole-3-acetonitrile (IAN) by a second cytochrome P450 (CYP71A13), and IAN is used to generate IAA, probably through the action of a nitrilase (NIT) (Normanly et al., 1997; Pollmann et al., 2002; Zhao et al., 2002; Nafisi et al., 2007; Sugawara et al., 2009) . To date, IAOx has also only been detected in a few brassicaceous plant species, including Arabidopsis, and only at very low levels in these species (Sugawara et al., 2009; Mano and Nemoto, 2012) . The final Trp-dependent auxin synthesis pathway, the tryptamine (TAM) pathway, is poorly understood, and the degree to which it functions in plants is still debated (Ueno et al., 2003; Kang et al., 2007) .
Auxin catabolism
Auxin responses are finely tuned through IAA degradation and conjugation, which function to diffuse the auxin signal. The most abundant IAA degradation products are oxIAA and its associated glucose or hexose conjugates (Normanly, 2010; Peer et al., 2013) . Several lines of experimental evidence indicate that IAA oxidation occurs enzymatically and/ or through oxidative decarboxylation (Beffa et al., 1990; Normanly, 2010; Zhang et al., 2016) . Oxidative decarboxylation is thought to occur following the IAA-induced production of ROS, which facilitate the conversion of IAA into oxIAA; a process inhibited by the presence of antioxidants, such as flavonoids (Ostin et al., 1998; Peer and Murphy, 2007; Peer et al., 2013) . OxIAA can also be generated through enzymatic activity. An enzyme responsible for the conversion of IAA to oxIAA, dioxygenase for auxin oxidation [DAO; a 2-oxoglutarate-dependent-Fe (II) dioxygenase], has been recently identified in rice, and the ability of this enzyme to convert IAA to oxIAA was confirmed both in vitro and in a heterologous Escherichia coli expression system (Zhao et al., 2013) . The Arabidopsis DAO1 ortholog (dioxygenase for auxin oxidation 1; DAO1) has also been demonstrated to catalyze the synthesis of oxIAA from IAA .
Auxin signals can be attenuated by conjugating IAA into forms that allow for inactive storage, or which lead to degradation (Ludwig-Müller, 2011; Korasick et al., 2013) . Esterlinked IAA-sugar conjugates, particularly IAA-glucose/ hexose sugar conjugates, are generally targeted for degradation in most plant species, although in maize these conjugates have been shown to be hydrolyzed back into IAA (Jakubowska and Kowalczyk, 2005; Ludwig-Müller, 2011; Korasick et al., 2013) . Members of the Gretchen Hagen 3 (GH3) group of acyl amino synthetase enzymes conjugate amino acids (Ala, Leu, Asp, Glu, and Trp) to free IAA (Hagen et al., 1984; Normanly, 2010; Korasick et al., 2013) . Both IAA-Ala and IAA-Leu are storage forms of IAA that can be readily hydrolyzed back into the active form via members of the IAA-Leucine resistant 1 (ILR1) and IAA-Alanine resistant 3 (IAR3) families of amidohydrolases (Bartel and Fink, 1995; Davies et al., 1999; Rampey et al., 2004) . Conjugation to Asp (IAA-Asp) or Glu (IAA-Glu), however, results in permanent inactivation of IAA, and these conjugates are generally thought to be targeted for degradation (Ostin et al., 1998; Rampey et al., 2004; Staswick et al., 2005) . IAA conjugation is regulated transcriptionally, through enzyme compartmentalization, by auxin quantities, and by abiotic stress (LudwigMüller, 2011). GH3-5, in particular, exhibits rapidly increased expression following treatment with exogenous IAA and ABA, as well as following abiotic stresses, including cold, heat, drought, and salt stress (Park et al., 2007) . A GH3-5-overexpressing Arabidopsis line, wes1-D, also showed greater tolerance to high salt conditions as well as high temperature (Park et al., 2007) .
Auxin transport
Although many tissues and cell types are capable of producing IAA, under most growing conditions auxin production is limited to the root and shoot apical meristems, as well as young tissues at early stages of development (Ljung et al., 2001; Peer et al., 2011) . The regulated distribution of IAA controls organ initiation and development, and non-uniform re-distribution of IAA in response to stress stimuli leads to adaptive growth Zazimalova et al., 2010; Peer et al., 2011) . Long-distance auxin transport can take place by means of bulk flow through phloem sieve tubes, a process dependent on both sucrose production and sink strength (Baker, 2000; De Schepper et al., 2013) . Auxin can also be transported by cell-to-cell movement driven by chemiosmotic H + gradients and membrane transporters that may be either polarly or apolarly localized Peer et al., 2011) .
IAA is a weak acid (pK a =4.75), and is found in a protonated, non-polar state, within the apoplast due to the acidic pH (pH 3.7-4.0) generated by plasma membrane ATPase activity . The non-polar nature of protonated IAA allows it to diffuse freely through the plant cell plasma membrane into the cytosol, where, in the neutral pH of the cytoplasm, IAA is de-protonated and effectively 'trapped' in the cell; and can only exit the cytosol through efflux proteins (Luschnig et al., 1998; Blakeslee et al., 2005) . In tissues where IAA concentrations are high, or where IAA may exist in the apoplast in both protonated and de-protonated states, IAA influx is supplemented by activity of the AUXIN RESISTANT1/LIKE AUX1 (AUX1/LAX) family of IAA-H + symporters (Lomax et al., 1985; Swarup et al., 2004) . AUX1/LAX transporters are actively involved in regulating root growth and development, and are required for root gravitropism, with Arabidopsis aux1 and lax3 mutants exhibiting loss of gravitropism and reduced lateral root initiation (Swarup et al., 2004 (Swarup et al., , 2008 . Interestingly, changes in AUX1 expression may also impact stress tolerance, and in rice AUX1 helps to maintain root growth under heavy metal stress (C. . In Arabidopsis, expression of AUX1 transcripts and protein in roots has been shown to increase following NaCl stress, and AUX1-mediated redistribution at the root tip has been proposed to play a crucial role in regulating changes in root architecture (Galvan-Ampudia et al., 2013; van den Berg et al., 2016) .
Auxin efflux is mediated primarily by two classes of proteins, ATP-binding cassette type B/P-glycoprotein/multidrug resistance (ABCB/PGP/MDR) transporters and PIN transporters . PIN efflux proteins were the first documented IAA efflux proteins, and are present in all plant species (Table 1) (J.R. Zazimalova et al., 2010; Peer et al., 2011) . PIN proteins are generally polarly localized and mediate directional auxin transport in the cells and tissues where they are expressed. Interestingly, while initial studies have indicated that global salt stress reduces the expression of PIN1 and PIN2 in roots (Sun et al., 2008) and that loss of PIN1 may increase salt tolerance by altering root meristem cell size and number (Liu et al., 2015) , more recent evidence has indicated that the levels of PIN1 and PIN2 protein are not decreased under directional salt stress, and that levels of PIN1 even increase under these conditions (Galvan-Ampudia et al., 2013; van den Berg et al., 2016) . Directional salt stress also leads to an internalization (but not degradation) of PIN2 proteins, which is essential for the asymmetric re-distribution of auxin distribution required for halotropic growth (Galvan-Ampudia et al., 2013; van den Berg et al., 2016) .
PIN proteins play an essential role in maintaining root growth and root tip architecture, and the co-ordinated activity of multiple PIN proteins (PIN1, PIN2, PIN3, PIN4, and PIN7) has been hypothesized to generate a 'reverse fountain' reflux loop in which auxin delivered from the shoot apical meristem into the root tip/apical meristem is recycled through the root epidermal/cortical cells back into the root tip (Blilou et al., 2005) . PIN2 plays a particularly important role in this process, mediating the shootward transport of auxin in root tips (Krecek et al., 2009) . PIN2 is localized on the shootward (upper, 'apical') side of epidermal and root cap cells, and functions to re-distribute auxin in a shootward direction, promoting root gravitropism (Chen et al., 1998; Luschnig et al., 1998; Blilou et al., 2005; Rahman et al., 2010; Peer et al., 2011) . Similar to PIN1, PIN2 expression is impacted by root stress, and decreases in PIN2 transcript and protein levels have been observed in Arabidopsis during global (non-directional) iron and salt stress conditions, a phenomenon postulated to aid in decreasing lateral root formation (Sun et al., 2008; Li et al., 2015) . PA-dependent changes in PIN2 localization and patterning have also been shown to increase tolerance to salt in Arabidopsis (Sun et al., 2008; Galvan-Ampudia et al., 2013; Gao et al., 2013) .
The second large family of auxin transporters are the ABCB transporters, at least three members of which, ABCB1, ABCB19, and ABCB4, have been demonstrated to transport auxin actively, sometimes in synergistic coordination with PIN proteins Geisler and Murphy, 2006; Zazimalova et al., 2010; Peer et al., 2011; Kamimoto et al., 2012) . ABCB transporters tend to be apolarly localized and function in the energy-dependent active transport of auxin against its concentration gradient (Blakeslee et al., 2007; Peer et al., 2011) . In Arabidopsis, ABCB4 is found primarily in flowers, siliques, and roots (Terasaka et al., 2005) . Unlike ABCB1 and ABCB19, which only mediate efflux, ABCB4 appears to function as a bidirectional, concentration-dependent transporter, facilitating auxin uptake when concentrations of auxin are low, but IAA efflux as concentrations of auxin increase (Kubes et al., 2012) . In roots, ABCB4 functions in shootward IAA transport within cortical and epidermal cells; and, where ABCB4 co-localizes with PIN2, these transporters are thought to work synergistically to mediate auxin efflux (Terasaka et al., 2005; Blakeslee et al., 2007; Titapiwatanakun et al., 2009; Yang and Murphy, 2009) . Loss of ABCB4 results in decreased lateral root formation, increased root hair length, reduced root elongation, and delayed gravitropism that is thought to be a result of slowed root growth (Terasaka et al., 2005; Yang and Murphy, 2009; Kubes et al., 2012) .
There is increasing evidence that ABCB transporters function in stress responses in multiple plant species. In rice, ABCB4 expression has been shown to decrease under drought stress, while expression of both ABCB1 and ABCB19 was increased under these conditions (Chai and Subudhi, 2016) . Salt stress has also been demonstrated to alter the expression patterns of ABCBs in rice, particularly ABCB1, which showed decreased expression levels 5 h postsalt stress (levels of ABCB4 and ABCB19 transcripts were relatively unchanged under these conditions) (Chai and Subudhi, 2016) . The alterations in ABCB gene expression observed in rice plants during stress responses appear to be conserved in other monocots. In a recent study, in response to drought, salt, and cold stresses, the majority of maize ABCB transporters monitored showed increased expression in leaf tissues, but dramatically decreased expression in roots (Yue et al., 2015) . Interestingly, recent data indicate that salt stress may induce re-localization or internalization of some ABC transporters. For example, exposure to salt stress has been demonstrated to cause the internalization and endocytosis of the ABA transporter ABCG25 in Arabidopsis root cells (Park et al., 2016) . ABCB and PIN transporters can interact both directly (in membranes) and indirectly (through ABCB-based modulation of lipid environments). Loss of ABCB19 leads to greater lateral distribution of IAA, in part due to mislocalization of PIN1, and resulting in enhanced gravi-and phototropism (Noh et al., 2003; Bandyopadhyay et al., 2007; Titapiwatanakun et al., 2009) . ABCB1 has been shown to colocalize with PIN1 and PIN2, and ABCB19 has been isolated in detergent-resistant membrane microdomains (DRMs; also known as 'lipid rafts') with both PIN1and PIN2 (Noh et al., 2003; Bandyopadhyay et al., 2007; Blakeslee et al., 2007; Titapiwatanakun et al., 2009) . ABCB19 and PIN1 interact directly in both plant and heterologous expression systems, greatly enhancing auxin efflux in cells where ABCB19-PIN interactions occur (Blakeslee et al., 2007; Titapiwatanakun et al., 2009) . In addition to potentially facilitating ABCB-PIN interactions, membrane structure and composition have been shown to be important for the proper function and maturation of ABCB transporters (Yang et al., 2013) , and ABCB4, 11, and 19 are all localized to DRMs containing high levels of both sterols and sphingolipids (Borner et al., 2005; Blakeslee et al., 2007; Laloi et al., 2007; Titapiwatanakun et al., 2009; Yang et al., 2013) .
An additional level of control of auxin transport is provided by controlling the phosphorylation state of ABCB and PIN proteins (Friml et al., 2002; Huang et al., 2010) . PIN protein phosphorylation is controlled largely by the PID serine/threonine protein kinase, which co-localizes with PIN transporters in several cell types, most notably vascular tissue (Christensen et al., 2000; Benjamins et al., 2001) . The polarity of PIN1, 2, and 4 has been demonstrated to be dependent on PID phosphorylation. In pp2a-a1 mutant and PID overexpression lines, both of which result in hyperphosphorylation of PIN proteins, the localization of PIN1, PIN2, and PIN4 exhibits a rootward to shootward ('bottom of the cell' to 'top of the cell') shift in localization in cortical cells (Christensen et al., 2000; Benjamins et al., 2001; Friml et al., 2004; Michniewicz et al., 2007; Huang et al., 2010; Zhang et al., 2010) . Interestingly, ABCB1 has also been shown to be phosphorylated by PID, although the precise impact of phosphorylation on ABCB1 activity is still not completely understood Wang et al., 2012) . Blue light-dependent phosphorylation of ABCB19 by the blue light photoreceptor phototropin 1 (PHOT1), however, results in transient PHOT1-ABCB19 interactions that decrease the efflux activity of this transporter (Christie et al., 2011) .
PIN and ABCB phosphorylation is reversible, with most of this de-phosphorylation proposed to be modulated by PP2A. Significant reductions of PP2A in Arabidopsis rcn1/pp2a-a1 mutants result in abnormal auxin distributions, particularly in root tips, leading to loss of meristem identity and organization (Garbers et al., 1996; Rashotte et al., 2001; Michniewicz et al., 2007; Blakeslee et al., 2008) . rcn1/pp2a-a1, pp2a-a1a2, and pp2a-a1a3 mutants exhibit auxin-dependent defects in root growth and development, including a lack of columellar cell organization, loss of root apical meristem identity, and significant decreases in the auxin maximum at the root tip (Garbers et al., 1996; Rashotte et al., 2001; Zhou et al., 2004; Michniewicz et al., 2007; Blakeslee et al., 2008) . rcn1/pp2a-a1 mutants also exhibit delayed and reduced root gravitropism due to increased shootward auxin transport Muday et al., 2006; Sukumar et al., 2009) . As noted above, RCN1-PP2A complexes have been demonstrated to play essential roles in salt stress responses, and rcn1/pp2a-a1 mutants display decreased root elongation and increased cortical swelling during under osmotic and salt stress conditions (Blakeslee et al., 2008) .
Regulation of directional root growth following salt stress
Several studies have demonstrated that both monocot and dicot roots undergo halotropic growth (Galvan-Ampudia et al., 2013) . This response is the result of a two-stage response to salt stress, which begins with an initial, rapid response, consisting of: (i) the perception of the stress; alterations in the transport and metabolism of membrane lipids, small molecules, ions, secondary compounds, and phytohormones; and (ii) the initiation of phosphorylation/signaling cascades. These rapid responses give rise to (and partially overlap) a group of secondary/long-term responses, including: changes in gene expression, alterations to rates of cell division and expansion, and, ultimately, adaptive growth. Current halotropic growth models begin with salt induction of PA production which, in turn, leads to re-localization of the PIN2 auxin transporter, increased PIN1 expression, changes in AUX1 activity, and, ultimately, altered auxindependent growth (Galvan-Ampudia et al., 2013; Julkowska and Testerink, 2015; van den Berg et al., 2016) . However, the observed changes in the PIN and AUX1 auxin transporters are not fully convincing, suggesting that other factors such as ABCB auxin transporters, phosphatase 2A activity, and auxin metabolism should be factored in.
One area presently unexplored by current models of halotropism is the role of PA in regulating the localization and/or activity of ABCB auxin transporters. While PA is necessary for vesicle formation during internalization of PIN2 proteins into the endomembrane trafficking pathway (Li and Xue, 2007) , the impact of PA production on regulating ABCB-mediated auxin transport is currently unclear. This area is of particular interest since ABCB transporters mediate the movement of auxin in areas of high concentration where even slight disruptions of auxin homeostasis are likely to result in IAA catabolism Normanly, 2010; Peer et al., 2011; Zhang et al., 2016) . Since oxidative degradation and/or conjugation decrease the amount of IAA available for re-distribution in halotropic growth responses (Gao and Zhao, 2014) , precise regulation of ABCB-mediated transport is likely to be essential in directional root tip growth following salt stress. It is possible that PA may alter ABCB1/19/4 activity either by binding to one of these transporters directly, or by altering the biophysical properties of the membrane in such a way as to impact activity. ABCB1, ABCB19, and ABCB4 have all been localized to DRMs, which in mammalian platelet cells are stabilized by PA (Bodin et al., 2001 (Bodin et al., , 2003 Blakeslee et al., 2005 Blakeslee et al., , 2007 Peer et al., 2011) . Additionally, PA may regulate PIN-and ABCBmediated auxin transport during halotropic growth via PA interactions with the PP2A complex.
An additional factor not well explored in current models of halotropic growth is the role of protein phosphorylation/ de-phosporylation in regulating this process. PP2A has been shown to play a role in regulating the localization of both PIN1 and PIN2 (Gao et al., 2013) , and has been hypothesized to de-phosphorylate ABCB1 and ABCB19. PP2A-A subunits have been demonstrated to bind PA, a phenomenon that appears to decrease PP2A activity substantially (Gao et al., 2013) . It is possible that PP2A-mediated de-phosphorylation of ABCB or PIN transporters may alter or disrupt PIN-ABCB interactions, and that PA-PP2A interactions function to preserve PIN-ABCB interactions during the early stages of halotropic growth.
Finally, auxin-mediated directional growth at the root tip is controlled by a balance between auxin transport and auxin metabolism, an additional factor not yet fully incorporated Fig. 3 . A new model of the regulation of auxin transport during halotropic growth. Directional root growth away from areas of increased salt concentration requires the concerted regulation of protein phosphorylation/de-phosphorylation, auxin transport, and auxin metabolism. Following exposure to directional salt stress, phosphatidic acid (PA) is rapidly produced on the side of the root closest to the salt stress via the activation of PLD enzymes (Munnik et al., 2000) . Increased PA synthesis positively regulates vesicle formation, increasing the internalization of PIN proteins, particularly PIN2 (Li and Xue, 2007) , and decreasing the rate of auxin efflux from the root apical meristem (i.e. increasing the amount of auxin available for re-distribution present in the meristem). Production of PA may also result in the internalization of one or more ABCB transporters, similar to the salt-induced internalization of ABCG25 (Park et al., 2016) , further increasing IAA accumulation in the meristem. Additionally, PA binds to protein phosphatase 2A (PP2A), reducing its activity and possibly tethering it to the plasma membrane (Testerink et al., 2004; Gao et al., 2013) . Reductions in PP2A activity would lead to an increase in the levels of phosphorylation of PIN1, PIN2, and PIN4, resulting in enhanced internalization (and potential re-localization) of one or more of these proteins (Michniewicz et al., 2007; Blakeslee et al., 2008) . Although the impact of phosphorylation on ABCB-mediated IAA transport is currently unclear, PA-PP2A interactions may function to modulate ABCB-mediated auxin efflux, increasing the rate of transport of non-internalized proteins in the short term via stabilization of a phosphorylated 'on' state. In the longer term, alterations to auxin transport streams and localized accumulations of auxin, mediated by the action of AUX, PIN, and ABCB proteins, are stabilized by the simultaneous regulation of auxin metabolism. Salt stress increases the production of flavonoids, which scavenge reactive oxygen species (ROS), preventing ROS from catalyzing the conversion of IAA to oxIAA , thereby preserving the auxin signal. Flavonoids also inhibit ABCB-mediated auxin efflux and decrease PIN recycling within the endomembrane system, stabilizing the modified auxin transport streams established in the first stages of the salt stress response (Peer and Murphy, 2007) .
in current models of halotropic growth. Following salt stress, auxin is asymmetrically distributed across the root tip through the combined activity of ABCB and PIN transporters, particularly PIN1 and PIN2. However, in order to exert a sustained effect on root growth, the auxin signal must be maintained. Accumulations of auxin, however, result in: (i) localized production of ROS (Torres and Dangl, 2005; Miller et al., 2010) , which oxidize IAA into oxIAA; and (ii) activation of GH3 enzymes, which conjugate IAA to either hexose sugars or amino acids (Korasick et al., 2013; Peer et al., 2013; Zhang et al., 2016) . This process can be partially neutralized by the production of antioxidant molecules such as flavonoids, which prolong auxin signals (Peer and Murphy, 2007) and which may also negatively regulate auxin transport by inhibiting ABCB transporters (Murphy et al., 2000; Brown et al., 2001; Peer and Murphy, 2007; Peer et al., 2013) . Interestingly, in several species, salt stress has been demonstrated to increase flavonoid production in roots, and flavonoids have been implicated in increasing root tolerance to salt Van Oosten et al., 2013; Yan et al., 2014) .
We propose a modified model of halotropic growth (Fig. 3 ). In this model, directional salt stress is perceived at or near the plasma membrane, where it activates PLD enzymes. The PA produced by PLD facilitates the internalization of PIN2 proteins on the side of the root closest to the salt stress (GalvanAmpudia et al., 2013; van den Berg et al., 2016) . PA-PP2A interactions may also facilitate the internalization of PIN2 proteins, as an increase in phosphorylation status (resulting from reduced PP2A activity) of PIN2 results in an internalization of this protein (prior to re-localization) . PA may also regulate the localization and/or function of ABCB auxin transporters by either: (i) facilitating the vesicular internalization of one or more ABCB proteins (given its expression pattern and role in gravitropism, ABCB4 would be a likely target) similar to that observed for ABCG25 during ABA responses (Park et al., 2016) ; or (ii) indirectly altering the activity of ABCB1, ABCB4, and/or ABCB19 by inhibiting PP2A activity. Internalization (or re-localization) of PIN2 and ABCB transporters, particularly ABCB4 (which functions synergistically with PIN2) on the side of the root closest to the salt stress, would result in an increase of auxin available for asymmetrical distribution at the root tip. As described previously, increases in PIN1 expression on the side of the root distal to the salt stress would allow the increased transport of auxin into this side of the root, allowing directional growth (van den Berg et al., 2016) . In the short term, it is possible that ABCB transporters not internalized during the initial salt stress responses may be locked in a state of high activity as a result of increased phosphorylation (due to decreased PP2A activity) and function in the export of IAA from the root apical meristem. In the longer term, decreased PA-PP2A interactions may result in dephosphorylation of ABCB transporters, reducing their rate of export. This decrease in activity could be enhanced further by the production of flavonoids (observed to occur during long-term salt stress responses) which could negatively regulate ABCB transporter activity while at the same time preventing IAA catabolism (Murphy et al., 2000; Brown et al., 2001; Peer and Murphy, 2007; Peer et al., 2013) . Flavonoids would therefore serve as a 'brake' on the initial, rapid portion of the stress responses, preserving PA-and PP2A-mediated shifts in auxin transport and homeostasis. Changes in auxin transport and accumulation then result in the second stage of stress responses, inducing changes in cellular growth and morphology, gene expression, and ultimately a shift in directional growth at the root tip. It is important to note, however, that while this review has focused on the role of PA and PP2A in regulating auxin transport and metabolism during root halotropic growth, both PA and PP2A function in several additional response pathways that may impact this process (Table 1) . 
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